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Featured Application: Monitoring the effect of biochar application on plant growth using
destructive and non-destructive methods.
Abstract: The present study investigated the growth of Capsicum annuum L. (pepper) in an outdoor
pot experiment. Changes in the plants’ aboveground and root biomass, leaf area, plant height,
stem thickness, and yield, as a response to different doses of biochar amendments were observed.
During the 12.5-week-long study, four treatments with biochar amounts of 0, 0.5%, 2.5%, and 5.0%
(by weight) were added to silt loam soil. Photochemical responses of plants, the plants photochemical
reflectance index (PRI) modified by the different doses of biochar were continuously monitored.
Plant height and fruit yield were initially the highest for BC5.0; however, by the end of the experiment,
both parameters showed higher values for BC2.5, e.g., 15.9 and 9.1% higher plant height and 32.5
and 22.6% higher fruit yield for BC2.5 and BC5.0 compared to control, respectively. By the end of
the experiment the BC2.5 treatments had significantly higher stem thickness (p < 0.001) compared to
all other amendments. Root dry matter in biochar treatments increased relative to controls with the
highest values (54.9% increase) observed in the BC2.5 treatment. Biochar treatment increased leaf
area index (LAI) values for the higher doses (1.58, 1.59, 2.03, and 1.89 for C, BC0.5, BC2.5, and BC5.0,
respectively). Significant differences between control and biochar amended soils’ PRI measurements
were observed (p < 0.001), showing less plant sensitivity to environmental changes when biochar was
applied to the soil. While biochar amendment could greatly enhance plant growth and development,
there is an optimal amount of biochar after which additional amount might not result in substantial
differences, or even can result in lower fruit yield as found in the present study.
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1. Introduction
Biochar is used as soil organic amendment to restore soil health and increase crop yield, especially
at areas with degraded soils [1]. Many studies reported on using biochar amendment in soils to improve
soil water holding capacity, which can directly cause increase in plant health and productivity [2,3].
Biochar amendment reported to be enhancing root growth, consequently increasing water retention
of soils [4]. Even though biochar use in agricultural settings can influence the soil’s biogeochemical
properties with or without fertilizer addition [5], its particles can also retain soil nitrogen and supply
phosphorous to the plants [6]. As biochar is made of organic materials, in many cases its particles might
contain larger amounts of additional nutrients, which can be released into the soil through increased
cation retention [7] that can be available for plants to use. However, nutrients from biochar might not
be immediately available to plants, as nutrient availability in biochar depends on the environmental
parameters and soil type [8]. While potassium (K) availability in biochar is typically high [9], most of
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the nitrogen is present as heterocyclic nitrogen in biochar, which also partially available for plants [8].
Therefore, biochar amendments might be used to lower the amount of synthetic fertilizer [10].
Several studies investigated the effects of biochar on plant growth, biomass production, and crop
or fruit yield [11], including Capsicum annuum L. (pepper plants) [12–14]. Even though many studies
demonstrated increases in biomass and yield production as a result of biochar addition to soils [15],
negative secondary effects could be observed, such as reduced plant defense against insects or
pathogens [16]. Furthermore, several reports noted no significant changes in crop yield, or fruit
production, depending on the types and dose of applied biochar [17–20]. Based on these effects, prior to
field application, the intended biochar should be investigated to determine the economically most
feasible amount and type to be used.
Remote sensing measurements for determining vegetation indices as a nondestructive technique
can be very useful in plant studies. Very good correlations between destructive and nondestructive
methods could result in the decrease of destructive techniques and increase in remote sensing for
gathering data fast with large investigated area. He et al. [21] investigated different techniques to
measure leaf area index (LAI) including a destructive method and two instruments representing
nondestructive techniques. The authors found that the instruments provided similar results to the
destructive method with 75% or more accuracy. Therefore plant canopy studies should be primarily
applying nondestructive techniques if possible.
Measurements of vegetation reflectance can be used to analyze plant response to changes in
environmental conditions such as irrigation [22]. LAI and photosynthetically active radiation (PAR)
are parameters characterizing plant canopies and its changes [23]. Biochar can result changes in the
leaf area of a plant, or of the canopy expressed in leaf area index, which can be an indicator for changes
in overall biomass production and possible crop yield. There is a strong relationship between LAI and
fraction of absorbed PAR (fAPAR) [24], and both LAI and fAPAR can be used to investigate canopy
processes [25]. Normally, there is an optimal dose of biochar or biochar plus fertilizer that need to be
added to the soil to result in the highest plant growth and crop/grain yield. However, when outside of
this optimal range, such as very high biochar dose present in the soils, reduced canopy and LAI might
be observed [18].
Biochar addition can have significant effects on crop photosynthetic activities [26] especially
coupling with other environmental parameters such as water availability. Continuously measured
with spectral sensors, the photochemical reflectance index (PRI) can be used to evaluate changes in
leaf reflectance as a result of water related stress [27]. At low light intensity high PRI can be expected
as most light is being utilized by the plants, while at high light intensities the PRI decreases [28].
Therefore, the effects of biochar on the plants’ light use efficiency can be estimated by continuously
measuring PRI. While biochar related studies increased in recent decades especially in agricultural
systems, there are very limited studies available in literature on evaluating canopy response to biochar
using spectral sensors, such as PRI.
Gaining more information on the effects of biochar on crop growth and functioning can contribute
to more effective decision making processes of biochar application in agricultural systems. This paper
is mainly focusing on plant responses to different amount of biochar amendments in silt loam soil
under field conditions using discrete and continuous measurements. Therefore, the key objectives of
this study were (i) to examine the impact of biochar addition on canopy structural properties of plant
height, stem thickness, leaf area, and overall biomass production (comprising root and aboveground
dry matter), concurrent with fruit yield; and (ii) to determine the photosynthetic and photochemical
response of Capsicum annuum L. growth in biochar amended soils based on fAPAR and PRI data.
We hypothesized that changes in the soil’s chemical and physical parameters as a result of biochar
amendment will be detectable on the plants’ photochemical and photosynthetic responses. Findings of
the present study can help better understand the changes in the soil–plant–water system as a result of
biochar application.
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2. Materials and Methods
2.1. Soil Physical and Chemical Parameters, and Collection Site Information
The present study is a part of a more complex study investigating the effects of biochar addition
to soil’s biological, chemical, and physical parameters [29,30].
Soil samples were collected from a freshly tilled, agricultural field. The samples were collected
from the upper 28 cm (46.92936◦ N, 17.67033◦ E) on June 5, 2016, and homogenized thoroughly prior to
using in the experiment to ensure each plant will have the same soil chemical and physical parameters
per treatment. The annual average precipitation for the area is 604 mm, the average annual temperature
is 10.9 ◦C, and the average wind speed is 3 m s−1 [31].
The ca. Alfisol soil (USDA) was consisting of mainly silt (55.97%) and sand (23.85%; Table 1).
The soil used was silty loam with 26.5% (±3.7) volumetric water content at the time of sample collection
and experimental setup. The volumetric water contents (VWC) were determined by oven drying
soil samples (24 h; 105 ◦C) of a known volume. Particle size distribution was determined using the
sieve-pipette method (Table 1).
Table 1. Physical and chemical characteristics of the soil and biochar used in the experiment. n = 3;
mean ± SD. Volumetric water contents (VWC) represents volumetric water content.
Chemical and Physical
Parameters and Grain Size
Distribution at t = 0
Soil SD Biochar SD
<0.002 mm (%) 23.85 ±0.64 84.52 ±0.08
0.05–0.002 mm (%) 55.97 ±0.76 13.90 ±0.70
2–0.5 mm (%) 20.18 ±0.15 1.57 ±4.23
pH(H2O) 7.97 ±0.04 10.33 ±0
Total N (%) 0.14 ±0.02 1.0 ±0.1
NH4+-N (mg kg−1) 5.84 ±1.01 1.9 ±0.1
CaCO3 (%) 10.41 ±0.34 n.d. -
P as P2O5 (mg kg−1) 977.9 ±158.1 5031.1 ±32.6
K as K2O (mg kg−1) 443.1 ±96.2 13,570.3 ±59.0
Organic C (%) 0.93 ±0.07 27.89 ±1.73
EC 2.5/EC 5.0 (mS cm−1) 0.2 ±0.01 3.03 -
VWCinitial (%) 26.51 ±3.7 - -
n.d. represents not detectable value.
Prior to experimental setup, the specific soil characteristics were analyzed using standard
wet chemical techniques and their results are summarized in Table 1. During the experiment
(11 June–4 September 2016) the average daily temperature was 24.9 ◦C, with the lowest of 11.8 ◦C
and the highest of 27.6 ◦C. The total amount of natural precipitation was 89.6 mm. As the amount
of precipitation was less than it was needed for the plants to grow, additional plant watering was
performed with the equivalent of 7 mm rainfall per irrigation, which occurred 21 times during the
experiment. With the irrigation water the total of 248.8 mm water was received by the plants over the
course of the study. Irrigation frequency was determined based on visual inspections of the plants,
performing at the same time late afternoon. Further information on how the precipitation and irrigation
events were occurring are described by Horel et al. [30].
2.2. Biochar Used in the Experiment
Commercially available biochar was bought for the experiment, having a European Biochar
Certificate (EBC) ensuring similar physical and chemical characteristics for different batches. According
to the manufacturer (SonnenErde Gmbh, Riedlingsdorf, Austria), the biochar was made from wood
chips, fiber sludge, and grain husks using Pyreg-reactor technology at 600 ◦C. The physical and
chemical analyses of the biochar used here is presented in Table 1.
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2.3. Experimental Design
Four treatments, i.e., control (C), BC0.5, BC2.5, and BC5.0, were investigated in 7 replicates planted
in the soil at the start of the experiment. BC0.5, BC2.5, and BC5.0 received 0.5%, 2.5%, and 5.0% biochar
by weight, respectively. Control treatments received no biochar addition. The chosen amounts were
determined based on earlier laboratory experiments and literature review [17,32], indicating a small
(0.5%), a medium (2.5%), and a relatively large (5.0%) amendment amount.
Plants were grown from seeds for several weeks prior to the experiment. After the pepper plants
reached the four leaf stage, seedlings subsequently were placed into pots (with dimensions of 14 cm in
height and an 18 cm diameter with a drain outlet) to ensure minimizing plant growth differences prior
to treatments. Each pots received two plants, where each treatments included the total plant numbers
of 14, with ensuring that similar plant height and development phase were present in all treatments.
All pots included 2 kg of soil (dry weight). Fertilizer (N:P:K of 20:20:20 in a concentration equal to
400 mg kg−1 soil [33], manufacturer Elixir Zorka, Šabac, Serbia) was added to the soil during the third
week of the experiment to eliminate nutrient limitations over the course of the study.
At the beginning of the experiment, a PAR sensor (Apogee Instruments) was placed at 2 m above
the ground (above investigated plant canopy) and the information was used as reference PAR data of
radiation reaching the leaf surface. Within each treatments a PAR sensor was placed between plant
replicates ensuring same distance from plant stems for all treatments (Figure 1). This setup resulted in
continuous measurements of the response of four partial plants per treatment. From the measured PAR
values we calculated the fraction of the absorbed PAR (fAPAR) as a difference of the hemispherical and
below canopy radiation flux over the below canopy radiation flux [34]. The PAR and consequently the
fAPAR values were used as supplementary data for the LAI measurements. Data, which might have
been influenced by shadows from nearby trees were omitted and we only used sunshine hours when
all below and above plant canopy sensors could receive the same amount of sunlight. Photon flux
values are presented in µmol m−2 s.
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Figure 1. Schematics of the experimental setup at the beginning of the experiment. photochemical
reflectance index (PRI) is the phot chemical reflectance index and phot synthetically active radiation
(PAR) is the phot synthetically active radiation.
Spectral refl ctance s n or of PRI (Decagon Devices; measuring 532 a d 570 nm spectral irradiance)
we e included in the exp rimental setup approximately four weeks afte th beginning of the study.
One hemispherical sensor was placed 2 m above ground, and three PRI senso s (field view) wer plac d
at the same distanc (45 cm, resulting in a 23 cm by 16 cm radii continuous leaf reflectance m surements
with the total area of 0.11 m2) from two plant replicates’ meeting point in terms to collect data on
entering and refl c ing the 532 and 570 nm wavelength of the sunlight (Figure 1). With the replicates,
portions of four plants and their response to nvironmental changes were monitored continuously
for the control, BC2.5, and BC5.0 treatments. For BC0.5 data was not obt inable. The experimental
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setup schematics of plants and sensors is shown in Figure 1, including the used instrumentation and
treatment placements.
The PRI values were calculated based on Gamon et al. [35] using the following equation:
PRI =
Pr/Pi532 nm − Pr/Pi570 nm
Pr/Pi532 nm + Pr/Pi570 nm
(1)
where Pr represents the field stop lens sensor for reflected radiation from the canopy, while Pi the
hemispherical sensor for incident radiation values. The uncorrected reflectance values (Pr/Pi) were
calculated for each wavebands (532 and 570 nm) and used to calculate uncorrected PRI. Daily variations
of VWC (v/v) were measured using soil moisture sensors (5TM Decagon Devices) and used to correlate
with PRI values at lower and higher VWC values.
From the collected data, midday PRI and PAR values were used, meaning that measurements
prior from 10 am and after 1 pm were omitted to ensure no shadows from other plants influenced the
collected data. Afterwards, these daily values (21 measurements per treatment) were averaged prior to
further analysis.
2.4. Plant Root Mass, Growth Stages, and Leaf Area Determination
Selected pots were disassembled at week 3, 6, 10, and 12 to study the changes in plant growth
and development, with special interest to plant root, stem, and leaf dry mass to calculate above- and
belowground biomass, fruit yield, and leaf area over time. From the selected pots at week 3, 6, and 10
two plants per treatment (one pot), while at week 12 eight plants per treatment (four pots) were
disassembled and measured their total aboveground and plant root dry mass. The plants’ leaf areas
were also measured separately for all plants, from which the plants’ leaf area indexes (LAI) were
calculated. The direct measurement methods are considered to be the most accurate [36], therefore leaf
area per plants were determined using a Delta-T Scan leaf area scanner (Delta-T Devices). The scanner
was calibrated to leaf shape prior to each analyses. The pot setup of the experiment enabled us to
fully investigate plant root. They were carefully washed off from any soil and biochar particles above
0.8 mm sieve and were placed in the oven. Stem and leaf dry weight was measured after oven drying
at 70 ◦C until the weights got constant.
Plant growth measurements such as stem diameter and plant height were measured weekly for
all plants to analyze the extent of average growth changes between different treatments. From the
second week of the experiment, plant flowers and flower buds were counted weekly. Capsicum annuum
L. yield was cut and collected at week 10 for the disassembled pots and at the end of the experiment
(W12), which fresh weight were measured immediately and dry weight masses after oven drying at
70 ◦C until the weights got constant.
2.5. Statistical Analyses
A one-way ANOVA application was used to analyze the data and repeated measure ANOVA
for plant height and stem thickness, using either STATISTICA 13 software or the software package
R (version 3.6.3). Tukey’s HSD test was used to further analyze significant interactions within
groups. Statistical significance of the data sets was determined at p < 0.05. Error is reported as
standard deviation.
3. Results
3.1. Vegetative and Reproductive Plant Growth
As an indicator for plant growth stem thickness and plant height were monitored. Stem thickness
values were increasing at rates between 0.24 (control) and 0.42 mm d−1 (BC2.5), representing statistically
significant changes between the control and BC2.5 treatments (p < 0.001). Plant height measurements
were varying between 1.4 (control) and 2.66 mm d−1 (BC5.0; Table 2). The plant growth showed an
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exponential increase in all treatments until week 6, where the growth slowed down reaching a plateau
(Figure 2a) at a time when the fruit growth took place. Even though biochar addition showed larger
plant height and stem thickness values, the amount of biochar added to the soil showed no linear
response, e.g., BC2.5 treatment had the highest average values during plant development at the end of
the experiment. Increasing biochar amount resulted in significant differences in plant height between
treatments until 2.5% of biochar addition, while stem thickness only showed significant differences
between BC2.5 and all other treatments (Table 2). Soil pH can influence the growth of pepper plants,
with optimal pH values ranging between 6 and 8. In the present study the soil pH was slightly alkaline
for all treatment (average pH of 7.81, 8.06, 8.16, and 8.15 for C, BC0.5, BC2.5, and BC5.0, respectively),
indicating similar plant growth effects among treatments.
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Figure 2. Plant growth values based on Capsicum annuum L. (a) stem thickness and (b) plant height
collected weekly. n = 8 to 14; Mean, ±SD. Statistically significant differences (p < 0.05) are indicated by
different letters, while n.s. signifies not significant differences between treatments.
Table 2. Average plant growth parameter measurements for the control and biochar (BC) amended
treatments at the end of the experiment. Statistically significant differences are indicated by different
letters. SD is the standard deviation of the data. One-way ANOVA, Tukey post-hoc test, n = 8.
Treatment Plant Height 1
Stem





Average SD Average SD Average Average SD SD Average SD
m m mm2 g g g
Control 262.38a 27.71 7.02a 0.95 25,547a 5895 2.67a 0.88 2.22a 0.51 312.24a 15.61
BC0.5 278.25b 17.84 6.66a 1.05 25,735a 6102 2.59a 0.64 2.56ab 0.27 393.60a 19.68
BC2.5 304.13c 3 .76 7.88b 0.92 32,861b 0.50 3.44b 0.82 459.52a 2 .98
BC5.0 286.25c 39.02 7.2 a 1.35 30,656ab , 1.47 2.95ab 0.17 392.72a 19.64
1 values sed on 12 weeks data with repeated m asur s ANOV .
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Based on the 12 weeks averages, BC2.5 treatments showed 15.44% higher stem thickness compared
to control treatment, while BC0.5 and BC5.0 had 3.77 and 3.56% increases, respectively. These changes
showed no substantial influence on stem thickness of low or high biochar additions to the silt loam soil.
When comparing plant heights during the overall experimental period, BC2.5 and BC5.0 treatments
had 13.58 and 12.10% increase, while BC0.5 had only 6.98% increase in height compared to controls.
These results show that biochar addition helped plant growth during the growing phase; however,
after 6 weeks all plants reached a plateau value and the difference between treatments were kept
relatively constant (Figure 2).
Bud development and flowering started around the second and third weeks of the experiment,
and fruit development were observed after the 6th week. During the course of the study, no significant
differences were observed between bud/flower numbers for the different treatments (p > 0.05).
The highest value of fruit yield was observed for the BC5.0 earlier in the experiment (W10), while later
at W12 and overall during the experiment in the case of BC2.5 treatment (Figure 3a).
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(dry weight) per pepper plant over time. W represents the weeks after beginning of the experiment.
W3, W6, and W10 n = 2, W12 n = 8 plants; Mean ± SD.
Increasing ro t biomass was hig ly correlat d o the increased bovegr und biomass (R2 = 0.927).
In general, strong cor elations were observed betwe n the investigated plant parameters as shown in
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Table 3. The weight of the roots showed similar results to the aboveground biomass data, the BC2.5
had the highest value with 45.5% increase compared to control, although, BC5.0 and BC0.5 also had
higher root dry weight compared to control (20.0 and 8.1%, respectively, Figure 3b). During the third
and 6th weeks of the experiment, similar total aboveground biomass (stem plus leaves) values were
observed for the different treatments with the highest increase of 13.5% between BC5.0 and the control
and 14.1% between BC0.5 and the control, respectively (Figure 3c). At later weeks, substantial increase
in biomass dry weight were observed, especially for BC2.5, where 29.7% higher values were measured
compared to control (Figure 3c). However, there were no significant differences observed in the overall
values between treatments (p > 0.05; Table 2).
Table 3. Pearson correlation analysis (r) and p-value (p) between the investigated plant parameters for
the different treatments at the end of the experiment (W12). * Correlation is significant at the 0.05 level,










Plant height - 0.089 0.455 0.528 0.255 0.405
Stem thickness 0.743 - 0.803 0.715 0.568 0.168
Leaf area 0.077 <0.0002 *** - 0.887 0.776 0.437
Aboveground mass 0.035 * 0.002 ** <0.0001 *** - 0.507 0.200
Root dry mass 0.341 0.022 * <0.0005 *** 0.045 * - 0.561
Fruit yield 0.120 0.533 0.091 0.459 0.024 * -
3.2. LAI and PRI Changes over Time
The data collected on the investigated pepper plants during the experiment showed that the
average highest leaf area per plant was measured in the case of BC2.5 treatment (Figure 4). During the
first 6 weeks of the experiment, plant growth was substantial, the time at which plant flowering and
fruit production began. Statistically significant differences were observed for the treatments between
the third and 10th week of the study (p < 0.05), while the LAI values between week 6 and 10 did not
show significant differences (p > 0.05; Figure 4). Through the first part of the study, control treatments
showed similar growth compared with other treatments; however, by the end of week 12 the lowest
leaf areas were observed in the case of control. Average leaf area measurements showed that BC2.5
and BC5.0 had similarly high values (Figure 4) with no significant differences between them at the end
of the experiment (p > 0.05). At the same time, BC0.5 had approximately 12% lower leaf areas than
the control. The calculated average LAI at the end of the experiment were the following: 1.58, 1.59,
2.03, and 1.89 for control, BC0.5, BC2.5, and BC5.0, respectively (n = 8). However, during earlier plant
development stages, higher biochar amendment (BC5.0) also resulted in the highest LAI (Figure 4).
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In this study we found that BC2.5 treatment was unique in terms of leaf area per plant as it could
continuously grow until W12. It is in consistency with the findings that stem thickness and plant
height were also larger in this treatment; consequently the total plant biomass as well.
Continuous monitoring of the amount of light transferred to the ground using PAR sensors
showed that during the first few weeks of the plant growth, there were no differences between plants,
especially when only a few leaves might have provided shadows to the sensors causing changes in the
measured PAR values. Therefore, data from the first few weeks are demonstrative information only.
However, at later weeks, very distinctive changes were observed (Figure 5), resulting in significant
differences between the treatments (p < 0.05) for the PAR and fAPAR values. While this measurement
technique only provide insight to the light reaching the ground, the destructive method, where all
leaves were measured separately, offers more precise LAI values. Both measurements resulted in
similar outcomes, biochar addition to the soils increased the LAI of the pepper plants compared
to control.
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Figure 5. Average mid ay values of fractio f photosynthetically active radiation (f PAR)
data for the different treatm nts. W3, 6 10, and W12 represents th time in we ks wh n additional
plant measurements occurred.
Although transmitted radiation data as collected fro 4 partial plant canopies per treatment,
the cal ulated intercepted radiation values r i i t cy ith destructively measured LAI
values for all p ants, hence both methods can be used to estimate relative changes in plant res to
different t a m nts.
The PRI value, which might reflect the st fro the plants mainly to drought or
nitrogen deficiency [37], showed lower values for b th BC2.5 and BC5.0 treatm nt compared to control
during the entire measuring time (from week 4 through 12; Figure 6a). The differences between the
treatments and control were significant (p < 0.001), indicating changes in light use efficiency when
biochar is used in excess amount. However, the difference between BC2.5 and BC5.0 was not significant
(p > 0.05). The relationships between the different treatments’ PAR and PRI values were investigated
(Figure 6b), and we did not find an effect of increasing amount of PAR on the PRI values.
Water related stress in the present study only included high water amount, which could pond on
the soil surface. Silt loam soil after compaction can slow water movement through the soil matrix [38],
which was visually observable after larger precipitation events in the present study. However,
these larger precipitation events (>15 mm d−1) occurred only four times during the experiment,
while drought conditions could be occurring more often without frequent irrigation [30]. We found
weak correlations between soil water content and PRI measurements (Figure 7), however these values
were not significant. For better understanding the relationship between PRI and water or other
environmentally related stress for biochar a ended soils, further studies should be implemented
specifically investigating longer-term drought and/or flo i c iti s.
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4. Discussion
Biochar addition can result in increased plant biomass, especially in leaves [39]; however,
the amount of biochar added to the soil also influence biomass production rates. Rondon et al. [39]
found that up to 60 g biochar per kg soil could increase the biomass production by 39%, while 90 g
biochar per kg soil showed similar biomass production as the control treatments. This finding is similar
to the present study’s finding, as BC5.0 showed a somewhat less amount of biomass compared to BC2.5
treatment by the end of the experiment. However in the present experiment the high biochar addition
did not decrease biomass production, instead still substantial differences were observed compared to
control at specific sampling times (Figure 3). The findings of biochar effects on plant growth and fruit
production emphasize the necessity for optimization to local parameters prior to biochar addition to
soils. Currently there are many studies without consistent data on the effectiveness of biochar amended
soils to crop and fruit yield. Tammeorg et al. [40] found no significant effects of biochar on canopy
growth of spring wheat, nor yield components. Similarly, Carvalho et al. [18] observed no distinct
effect of biochar on rice grain yield. On the other hand, Njoku et al. [41] noted significantly higher
plant height, leaf area index, and grain yield for maize grown in biochar amended soils.
Fluctuations in PRI can be used as an indicator of changes in photosynthetic dynamics and gross
primary production (GPP) [37]. PRI can be used as a proxy of light use efficiency (LUE), also can be used
to complement normalized difference vegetation index (NDVI) to estimate GPP [42,43]. The midday
average PRI values were consistently higher for the control compared to BC2.5 and BC5.0 treatments in
the present study, which could indicate LUE changes as influenced by biochar addition. The midday
PRI values tend to be more sensitive to water stress than earlier in the morning or later afternoon
measurements [44], thus better providing values of changes in PRI. Our measurements were chosen in
this time frame, expecting the largest differences between treatments.
Strong relationship between PAR and PRI values can be observed for water stressed plants [27].
However, in the present study, increasing PAR did not change significantly the PRI values, although
longer drought conditions were disabled by watering the plants. The results of the relationships between
these parameters highly depend on the research environment, different types of plants or experimental
setup, such as laboratory or field-scale study might result different outcomes. Strong relationship was
observed between PRI and PAR values by Merlier et al. [45], while investigating different tree canopies.
Our results were comparable at higher PAR values (>400 µmol m−2 s−1), where a plateau in the values
was occurring. In general, at all PAR ranges the PRI were highest for the control treatment, indicating
potentially higher sensitivity for water or other environmentally related stress for the control plants.
Biochar amendment to improve the water holding capacities of a given soil, especially for sandy
soils, have been widely investigated during the last few decades [46,47]. Several studies observed that
biochar amendment can substantially affect soil moisture levels [26,48], which can be available for
plants to grow. However, no significant effects on soil moisture were noted in many studies depending
on the type and/or amount of biochar added to the soils [49,50]. In the present experiment natural
rainfall was adjusted with watering when it seemed necessary to minimize drought stress to the pepper
plants; nevertheless, the pot setup could increase evaporation concurrent with fasten soil temperature
changes as a response to air temperature fluctuations. The present study disabled longer time periods
where the plants could be investigated for either drought or flooded conditions. The short-term
changes were still similar in all biochar amended treatments. This finding indicates fast recovery of the
pepper plants soon after the water content in the soil is within optimal range again.
Using PRI as a water-stress index has been proposed by several researchers, however with
caution, such that PRI can be influenced by the age of plant leaves [27]. Because our study used
same aged pepper plants, differences between PRI values were assumed to be either water-stress
or pot size constrain related. Thenot et al. [27] found that water-stressed plant’s PRI can increase
when drought effects were investigated. Also, the better utilization of the available nitrogen forms
by plants can be implied by the lower spectral values for the biochar treated plants, as it was found
by Ronga et al. [51]. Though, the authors also found that biochar alone could increase PRI values for
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tomato plants. In the present study the control treatments showed the highest PRI, which might
indicate higher plant sensitivity for changes in water or nutrient conditions compared to biochar
amendment to soils. However, to better understand the complex effects of biochar amendment on plant
response and crop/fruit yield, more nutrient and water-stress related studies should be implemented
and investigated using non-destructive methods such as remote sensing.
The present experiment showed that addition of biochar to silty loam soil can help plant growth;
however, plant stem thickness and height showed only marginal differences to biochar amendment.
During this study we used pots for the experiment, which had limited spaces for plant root growth and
water holding as water could flow through the bottom of the pots, especially during the first weeks of
the experiment. These boundaries could stress the plants, showing similar stress response from all
treated plants, such as early drops of flowers or pepper buds.
5. Conclusions
In general, our data showed that after early influence on plant growth, too low (0.5%) or too high
(5.0%) biochar addition to the soil has diminishing effects on plant (Capsicum annuum) development
and yield over time. At the end of the experiment, BC2.5 had 22.2%, while BC0.5 and BC5.0 showed
17.4 and 15.7% increase in yield weight, respectively, compared to controls suggesting optimal biochar
amendment range for best fruit yield. Leaf areas of Capsicum annuum L. in low biochar added soil
showed minimal difference to control treatment, while BC2.5 treatment had the most distinguishable
effects. Early in the plant development process, the highest biochar addition resulted in the highest
LAI, while later BC2.5 showed increased values, highlighting reducing positive effects on a longer
term. The collected data also showed that plants growing on biochar treated soil have generally lower
PRI values compared to control treatment. Overall, our findings emphasize how even small changes in
the soil can have an extensive impact on plant growth and development. The additional knowledge
gained from the present study can be used to further implement continuous monitoring of plant health
without using destructive techniques, consequently taking the necessary actions to minimize negative
effects on crop/fruit yield.
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